Aqueous-phase transformation of C3-and C6-sugars toward valuable intermediates such as lactic acid and 5-hydroxymethylfurfural (HMF) using boehmite, an abundant, inexpensive and simple aluminium oxide hydroxide g-AlO(OH) was demonstrated. Pyridine-adsorbed Fourier transform infrared (FTIR) spectroscopy and trimethylphosphine oxide-adsorbed 31 P magic angle spinning (MAS) nuclear magic resonance (NMR) revealed that boehmite had no Brønsted acid sites and a small amount of weak Lewis acid sites. The amount of Lewis acid sites and the initial reaction rate for lactic acid synthesis from dihydroxyacetone increased with increase of calcination temperature of boehmite whereas the selectivity for lactic acid remained unchanged and turnover frequency decreased. Boehmite afforded lactic acid selectively from aqueous C3-sugars solution with the yields of 32% and 42% from dihydroxyacetone and glyceraldehyde, respectively, which were higher than those of hydrotalcite, titanium oxide, tin oxide and tungsten oxide. Moreover, boehmite gave both lactic acid and HMF simultaneously from aqueous glucose solution as well as fructose. The total yields of lactic acid and HMF from aqueous glucose solution reached 40%. Boehmite was found to catalyse a variety of reactions including isomerization, retro-aldol condensation, dehydration and hydration in water.
Introduction
Catalytic conversion of biomass derivatives has received much attention. One of the most fascinating processes is aqueousphase transformation of carbohydrates towards important intermediates such as lactic acid and 5-hydroxymethylfurfural (HMF) using heterogeneous catalysts. Lewis acid is highly effective for selective production of lactic acid from triose and hexose in water, 1 and some solid Lewis acid catalysts such as metallosilicate zeolites (Sn-, Zr-, Ti-beta), 2, 3 H-USY zeolite (Si/Al ¼ 6) 4 and desilicated ZSM-5 zeolite 5 have been demonstrated. Tin-beta catalyst afforded 90% yield of lactic acid from triose in water at 353 K for 24 h whereas Zr-beta and Ti-beta gave 44 and 25% yield of lactic acid, respectively.
2 A tin-containing porous carbon-silica composite material (Sn-Si-CSM) was also effective for lactic acid synthesis. The catalyst gave 92% conversion of dihydroxyacetone (DHA) and 83% selectivity of lactic acid in water at 383 K for 6 h. 6 A high aluminum H-USY zeolite (Si/Al ¼ 6) afforded 100% conversion of DHA and 71% selectivity of lactic acid at 398 K for 24 h. 4 Recently, it was reported that a hierarchical ZSM5 catalyst synthesized by desilication of commercial MFI-type zeolite gave 90% conversion of DHA and 91% selectivity of lactic acid in water at 413 K for 6 h. 5 Lewis acid also gives HMF from hexose in water or biphasic system, and different types of solid Lewis acid catalysts such as amorphous niobium oxide hydrate (Nb 2 O 5 $nH 2 O), 7 tantalum oxide hydrate (Ta 2 O 5 $nH 2 O), 8 titanium oxide, 9 and mesoporous titanium oxide 10 have been reported. Aluminium is one of the most abundant elements with 3rd Clark number and possesses Lewis acidity in nature represented as AlCl 3 . Aluminium oxide is widely used as a solid Lewis acid catalyst for a variety of reactions including dehydration, isomerization and alkylation. Alumina (g-Al 2 O 3 ) has been also employed as a support of precious metal for aqueous-phase transformation of cellulose in the early study of biomass conversion over heterogeneous catalyst.
11,12 However, it is well known that g-Al 2 O 3 is unstable in hot water and is easily converted into an aluminium oxide hydroxide, boehmite (g-AlO(OH)) above 423 K. 13 In many cases, aqueous-phase transformation of sugars using heterogeneous catalyst has been carried out above 423 K. Thus, the use of boehmite as a solid acid catalyst would be desirable.
Here, we examined solid acid properties of boehmite and its catalytic activity for transformation of triose and hexose in hot water. To the best of our knowledge, this is the rst successful example of using boehmite as a solid Lewis acid catalyst for transformation of sugars in aqueous solution.
Boehmite has a two-dimensional structure composed of AlO 6 octahedra as shown in Fig. 1 . All OH groups are exposed on the surface of the octahedral double layers.
A representative reaction pathway of transformation of sugars is shown in Scheme 1. Glucose is converted into fructose via isomerization catalysed by Lewis acid. HMF can be obtained from fructose via dehydration by removal of three water molecules. From these hexoses, trioses such as glyceraldehyde and dihydroxyacetone are formed via retro-aldol condensation which is also catalysed by Lewis acid. These trioses can be interconverted via isomerization. Pyruvaldehyde is formed by dehydration of these trioses, which is further transformed into lactic acid via a 1,2-hydride shi, which is also catalysed by Lewis acid. Therefore Lewis acid sites play an important role for transformation of sugars. 
Experimental

Characterization
The samples were characterized by X-ray diffraction (XRD; RINT-2700, Rigaku), scanning electron microscopy (SEM; S-4700, Hitachi) and nitrogen adsorption-desorption (BEL-SORP-miniII, BEL Japan). XRD patterns of the samples were obtained with the diffractometer operated at 40 kV and 100 mA, using Cu-Ka radiation. Nitrogen adsorption-desorption isotherms were measured at 77 K. The samples were pretreated at 453 K for 1 h under vacuum. The Brunauer-Emmett-Teller (BET) surface area was estimated over a relative pressure range of 0.05-0.30. The pore size distribution was calculated from analysis of the adsorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method. Acid property of the samples was examined using pyridineadsorbed Fourier transform infrared (FTIR) spectroscopy and trimethylphosphine oxide (TMPO)-adsorbed 31 P magic angle spinning (MAS) nuclear magic resonance (NMR). In FTIR measurement, the samples were prepared in the form of selfsupporting disc and placed in a conventional gas-circulation system. The samples were pretreated at 453 K for 1 h under vacuum. Then, pyridine was introduced into the system at 373 K. Aer 30 min, the samples were evacuated for 30 min to remove gas phase pyridine. The IR spectra before and aer adsorption of pyridine were recorded by using the spectrometer (FT/IR-6100, Jasco) equipped with a MCT detector with a resolution of 4 cm À1 . The amount of Lewis acid sites was determined on the basis of the integral absorbance of the characteristic band at 1450 cm À1 by using integrated molar extinction coefficients, 2.22 cm mmol À1 .
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In NMR measurement, the TMPO-adsorbed samples were prepared by evacuation at 453 K for 1 h followed by immersion in dichloromethane solution containing 0.2 M TMPO at room temperature for 1 day in a glovebox under nitrogen. 0.06 mmol of TMPO was exposed to 0.3 g of boehmite. Aer evacuation to remove the CH 2 Cl 2 solvent, the samples were packed in a rotor housed in a glovebox with an N 2 atmosphere.
31
P MAS NMR spectra were measured at room temperature using Bruker Avance 400 spectrometer at Larmor frequency of 162.0 MHz. Bruker MAS probehead was used in combination with a 4 mm zirconia rotor operated at a sample spin rate of 10 kHz. The single pulse sequence in combination with 1 H high power decoupling during signal acquisition was used with a p/4 pulse and a repetition time of 3 s. The 31 P chemical shi was referenced to 85% H 3 PO 4 at 0.0 ppm. (NH 4 ) 2 HPO 4 was used as a second reference material with signal set at 1.33 ppm.
Transformation of sugars
A quantity of 0.28 mmol substrate with 50 mg of solid catalyst was stirred in 3 mL water in a glass reactor vessel (Ace glass pressure tube). Dihydroxyacetone dimer, glyceraldehyde, glucose and fructose were used as reactants. The reactor vessel was placed in an oil bath at 353-443 K. The reactants and products were analysed by high performance liquid chromatography (HPLC; LC-2000 plus, Jasco) equipped with a differential refractive index detector (RI-2031 plus, Jasco) using Aminex HPX-87H column (ow rate: 0.5 mL min À1 , eluent:
H 2 SO 4 10 mM).
Results and discussion
Structure of boehmite calcined at different temperatures X-ray diffraction patterns for boehmite samples calcined at different temperatures for 5 h are shown in Fig. 2 (120), (031) and (051) phases of boehmite, respectively. The peak intensities and widths remained unchanged up to 573 K calcination. The crystallite sizes were estimated to be 4.5 nm for both samples according to Scherrer equation D ¼ Kl/ (b cos q) where K, l, b and q are the shape factor (0.9), X-ray wavelength (0.154 nm), the line broadening at half the maximum intensity in radians, and the Bragg angle, respectively. Further calcination caused phase change from boehmite to g-alumina.
The sample calcined at 773 K showed different diffraction patterns from other two samples. The peaks at 45.9
and 66.6 correspond to the (400) and (440) phases of g-
No peaks for boehmite were observed. This result is in good agreement with previous studies on the thermal transformation of boehmite in which the phase change to g-alumina takes place above ca. 723 K.
13,16
The changes of morphology were observed by using scanning electron microscopy (SEM) (Fig. 3) . A plate-like structure in size below 100 nm was observed for the samples calcined at 453 and 573 K, which is characteristic to layered boehmite. In contrast, such two-dimensional structure was not seen for the sample calcined at 773 K because of phase transformation from boehmite to g-alumina. For all samples, small particles were aggregated to form secondary particles.
The nitrogen sorption isotherms and pore size distributions are shown in Fig. 4 . The BET surface areas and pore volumes are listed in Table 1 . The amount of N 2 sorption at low relative pressure region depended little on calcination temperature. The BET surface areas were 257, 213 and 229 m 2 g À1 for the samples calcined at 453, 573 and 773 K, respectively. In contrast, the amount of N 2 sorption at high relative pressure region increased with increase of calcination temperatures, indicating the presence of mesopores due to the formation of void spaces between particles. The pore volume increased from 0.45 to 0.61 mL g À1 . The samples calcined at 453 and 573 K did not have a characteristic peak in the differential pore size distributions whereas the sample calcined at 773 K had a peak at 2.7 nm.
Characterization of acid sites
The solid acid property was investigated by using pyridineadsorbed Fourier transform infrared spectroscopy (Py-FTIR) and trimethylphosphine oxide-adsorbed 31 P magic angle spinning nuclear magnetic resonance ( 31 P MAS NMR). The Py-FTIR spectroscopy is a useful and conventional method to identify Brønsted and Lewis character of solid acids. The FTIR spectra of calcined boehmite samples are shown in Fig. 5 Next, the acid strength of Lewis acid sites of samples was examined by solid-state NMR. Although the method of temperature-programmed desorption of ammonia (NH 3 -TPD) is a conventional technique to determine both acid strength and amount of solid catalysts, this is not applicable for the samples whose crystal structures and acid properties could be changed during raising temperature. In contrast, the solid-state NMR using trimethylphosphine oxide (TMPO) as a probe molecule can be measured at room temperature and provides useful information on acid strength in terms of chemical shi, d. The resonance peaks with high chemical shis reect strong acidity. For instance, the peaks for very strong Lewis acid sites of sulphated zirconia were found at 90 and 63 ppm. 17 Those for strong Lewis acid sites of scandium triate (Sc(OTf) 3 ) 18 and weak Lewis acid sites of silica-alumina 19 were observed at 64.5 and 53 ppm, respectively. The 31 P MAS NMR spectra of calcined boehmite samples are shown in Fig. 6 . The sample calcined at 453 K exhibited a peak at 54 ppm accompanying the main peak at 44 ppm, attributable to weak Lewis acid sites. Thus, the Lewis acid strength of boehmite was weak and comparable to that of silicaalumina. The large peak at 44 ppm can be assigned to physisorbed TMPO 19 or very weak acid sites of Al-OH because the peaks at 40-41 ppm were assigned to silanols of zeolites. 20, 21 Thus, the large peak at 44 ppm is not related to Lewis acid sites. The peaks attributed to weak Lewis acid sites appeared at 48-49 ppm for the samples calcined at 573 and 773 K, indicating that the Lewis acid sites somewhat weakened by the heat treatment. Only the peaks at 48-54 ppm are attributed to Lewis acid sites. There was a good correlation between the peak areas around 48-54 ppm of 31 P NMR and the peak areas at 1449 cm À1 of pyridine-FTIR.
This clearly indicates that the peaks around 48-54 ppm of NMR are attributable to Lewis acid sites. 
Acid catalytic activity for transformation of sugars in water
Transformation of triose was rst investigated using the calcined boehmite samples. The results of transformation of dihydroxyacetone (DHA) in water over the three catalysts are listed in Table 2 . Lactic acid was successfully formed over the three samples where the selectivity was almost the same (about 30%) at high conversions (87-96%). The initial reaction rate (r 0 ) and turnover frequency (TOF) are also listed in Table 2 . With increase of calcination temperature the initial reaction rate increased from 13.5 to 21.6 mmol g À1 h À1 , turnover frequency, however, decreased from 270 to 99 h À1 . The sample calcined at 453 K exhibited the highest TOF, which might be due to relatively stronger Lewis acidity. From these results, the sample calcined at 453 K was used for further investigation. The catalytic activity of boehmite was compared with a variety of metal oxides and hydroxides, and the results are shown in Table 3 . Boehmite afforded lactic acid with 28% and 32% selectivity at 413 and 443 K, respectively (entries 1 and 2). The catalyst was recovered by centrifugation, washing with water, drying at 373 K in oven overnight, and recycled for further reaction. It was found that the boehmite was reusable and showed good lactic acid selectivity even aer 3rd use (entries 3 and 4). Surprisingly, the selectivity of lactic acid was improved from 28% to 59%. Aer rst reaction, the catalyst became brown due to the formation of humin. This brown colour remained unchanged aer washing with water. It can be considered that the presence of humin on the catalyst suppressed the further formation of humin, resulting in the high selectivity of lactic acid. Alumina (g-Al 2 O 3 ) showed 91% conversion and 35% selectivity of lactic acid, which is slightly higher than boehmite (entry 6). Mg-Al hydrotalcite, a solid base catalyst, did not afford lactic acid (entry 7). Nb 2 O 5 $nH 2 O, a water-tolerant solid Lewis acid catalyst, gave high yield of lactic acid (entry 8). Other metal oxides such as TiO 2 , SnO 2 and WO 3 afforded pyruvaldehyde as an intermediate (entries [9] [10] [11] , which is due to the lack of the activity of hydride transfer catalysed by Lewis acid sites. Thus, boehmite AlO(OH) composed of a common metal is a good candidate of Lewis acid catalyst for lactic acid production though Nb 2 O 5 $nH 2 O composed of a minor metal exhibited a superior activity.
The time-course of product distribution and dependence of product selectivity on DHA conversion are shown in Fig. 7 . DHA was rapidly converted within 1.5 h (Fig. 7(a) ). At the initial stage of the reaction, glyceraldehyde and pyruvaldehyde were formed. e Initial reaction rate. From the proles of product selectivity (Fig. 7(b) ), it was revealed that the formation of lactic acid from DHA is successive reactions, and primary, secondary and nal products could be glyceraldehyde, pyruvaldehyde and lactic acid, respectively. However, the selectivity of glyceraldehyde at low DHA conversion was rather low. It can be considered that pyruvaldehyde was formed from not only glyceraldehyde but also DHA directly. When glyceraldehyde was used as reactant under the same reaction conditions as DHA, lactic acid was also formed with 42% selectivity at almost 100% conversion (Table 3, entry 5) . Moreover, transformation of hexoses (glucose and fructose) over boehmite in water was investigated. The results are shown in Fig. 8 . At the initial stage of the reaction of glucose, fructose was formed with high selectivity (59%) (Fig. 8(a) ). With increase of reaction time the selectivity of fructose gradually decreased and the selectivity of lactic acid increased. Interestingly, 5-hydroxymethylfurfural (HMF) was also simultaneously formed. The selectivity of fructose, lactic acid and HMF at 92% conversion was 4%, 26% and 17%, respectively. Other products could be humins because colour of boehmite was changed during the reaction. Similarly, both lactic acid and HMF were simultaneously formed when fructose was used as a reactant (Fig. 8(b) ). The selectivity of lactic and HMF at 89% conversion was 16% and 20%, respectively. It is widely accepted that Lewis acid can catalyse not only isomerization of glucose into fructose but also retro-aldol reaction of hexoses into trioses.
3 Lewis acid is also effective for the formation of HMF.
7 Therefore, boehmite functioned as solid Lewis acid catalyst in water and gave both HMF and lactic acid from hexoses, simultaneously.
Conclusions
Solid Lewis acid property of boehmite was examined by using FTIR and 31 P MAS NMR. Even though boehmite has a small amount of weak Lewis acid sites, it exhibited catalytic activity for transformation of triose and hexose in water. Lactic acid was selectively formed from DHA and glyceraldehyde via formation of pyruvaldehyde as an intermediate where 42% yield of lactic acid was obtained from glyceraldehyde. Both lactic acid and HMF were simultaneously formed from glucose and fructose.
The selective formation of lactic acid and HMF were ascribed to weak Lewis acid sites of boehmite which catalysed a variety of reactions including isomerization, retro-aldol condensation, dehydration and hydration in water. 
